In vivo hydroquinone exposure alters circulating neutrophil activities and impairs LPS-induced lung inflammation in mice  by Ribeiro, André Luiz Teroso et al.
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Hydroquinone  (HQ)  is  an environmental  contaminant  which  causes  immune  toxicity.  In  this  study,  the
effects  of  exposure  to low  doses  of HQ  on  neutrophil  mobilization  into  the  LPS-inﬂamed  lung  were
investigated.  Male  Swiss  mice  were  exposed  to  aerosolized  vehicle  (control)  or 12.5,  25 or 50  ppm  HQ
(1  h/day  for  5 days).  One  hour  later,  oxidative  burst,  cell  cycle,  DNA  fragmentation  and  adhesion  molecules
expressions  in  circulating  neutrophils  were  determined  by  ﬂow  cytometry,  and  plasma  malondialdehyde
(MDA)  levels  were  measured  by HPLC.  Also,  1 h later the last  exposures,  inﬂammation  was  induced  by
LPS  inhalation  (0.1 mg/ml/10  min)  and  3  h  later,  the  numbers  of  leukocytes  in peripheral  blood  and  in  the
bronchoalveolar  lavage  ﬂuid  (BALF)  were  determined  using  a Neubauer  chamber  and stained  smears;
adhesion  molecules  expressed  on  lung  microvessel  endothelial  cells  were  quantiﬁed  by  immunohisto-
chemistry;  myeloperoxidase  (MPO)  activity  was  measured  in  the  lung  tissue  by colorimetric  assay;  and
cytokines  in the  BALF  were  determined  by ELISA.  In  vivo HQ exposure  augmented  plasma  MDA  levels
and  oxidative  activity  of  neutrophils,  but did  not  cause  alterations  in  cell  cycle  and DNA  fragmentation.
Under  these  conditions,  the number  of  circulating  leukocytes  was  not  altered,  but HQ exposure  reduced
LPS-induced  neutrophil  migration  into  the  alveolar  space,  as  these  cells  remained  in  the  lung tissue. The
impaired  neutrophil  migration  into  BALF  may  not  be  dependent  on  reduced  cytokines  secretions  in the
BALF  and  lung  endothelial  adhesion  molecules  expressions.  However,  HQ  exposure  increased  the expres-
sion  of  2 and  3 integrins  and  platelet-endothelial  cell adhesion  molecule-1  (PECAM-1)  in neutrophils,
which  were  not  further  enhanced  by fMLP  in  vitro  stimulation,  indicating  that  HQ  exposure  activates
circulating  neutrophils,  impairing  further  stimulatory  responses.  Therefore,  it has  been  shown,  for  the
ﬁrst  time,  that  neutrophils  are  target  of  lower  levels  of  in  vivo  HQ  exposure,  which  may  be considered  in
 disehost  defense  in  infectious
. Introduction
Hydroquinone (HQ) is an eminent environmental pollutant with
mportant effects on immune cells. This phenolic compound is
ound in the atmosphere mainly as a result of the burning of
enzene (BZ) in adulterated fuel. Together with BZ, HQ is also a
omponent of tobacco, and high concentrations are released during
∗ Corresponding author at: Av. Prof. Lineu Prestes, 580 Bl 13B, Cidade Univer-
itária,  São Paulo, SP, CEP 05.508-900, Brazil. Tel.: +55 11 3091 1193;
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smoking (McGregor, 2007). In addition, HQ is a relevant BZ endoge-
nous metabolite, and it has been clearly demonstrated that HQ is
a key determinant of immunosuppression and the development of
leukemias in humans exposed to BZ (Badham and Winn, 2010; Bi
et al., 2010; Atkinson, 2009). BZ is promptly absorbed by the respi-
ratory tract and skin and extensively metabolized to HQ. Circulating
HQ gains access to other compartments, such as bone marrow, and
easily interacts with circulating immune cells, leading to oxidative
DNA lesions (Melikian et al., 2008; McGregor, 2007; Varkonyi et al.,
2006; Leanderson, 1993).
Open access under the Elsevier OA license.Industrial development has caused a huge increase in environ-
mental pollutants, directly connected to the increase in human
respiratory diseases (Perez-Padilla et al., 2010; D’Amato et al.,
2010). Inhalation of these substances leads to different degrees of
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oxicity, depending on the deposition site of toxicants in the respi-
atory tract and, therefore, makes the lung an important target for
enobiotic actions. The lung is a highly specialized tissue composed
f different types of cells (Azad et al., 2008; Emmendoerffer et al.,
000), which react to breathing pollutants and/or microorganisms
ispersed in the air, triggering a complex cascade of inﬂammatory
vents to mount a host defense. In this context, pulmonary resident
ells release inﬂammatory mediators, such as reactive oxygen and
itrogen species (ROS and RNS), cytokines and eicosanoids, which,
n turn, stimulate and recruit blood circulating cells to the lung
Azad et al., 2008).
Leukocyte–endothelial interactions are the initial and funda-
ental events for the migration of circulating leukocyte to an
nﬂammatory focus. This highly coordinated process depends on
he sequential expressions of selectins, integrins and immunoglob-
lin superfamily adhesion molecules, inﬂuenced by actions of
nﬂammatory chemical mediators. E-, P- and L-selectins control the
nitial interaction of leukocytes into vessel wall, and  integrins and
ntracellular (ICAM-1), vascular (VCAM-1) and platelet-endothelial
PECAM-1) cell adhesion molecules mediate their subsequent
dhesion to the microvascular endothelium and transmigration
nto inﬂamed tissues (Wong et al., 2010; Ley et al., 2007). Vas-
ular, metabolic, and immune diseases, as well as environmental
nd occupational pollutants, can modify the physiological expres-
ion pattern of adhesion molecules, leading to altered host defense
Khan et al., 2010; Barreiro et al., 2010; Etzioni, 2010; Lino dos
antos Franco et al., 2009, 2010).
We have previously shown that in vivo HQ exposure alters
eukocyte migration to inﬂammatory sites during the develop-
ent of acute innate and acquired responses in rats. While the
ffects on acquired immunity are related to reduced anaphylactic
mmunoglobulin production, the mechanisms involved in the acute
nnate inﬂammation have not been clearly elucidated (Ferreira
t al., 2007; Macedo et al., 2007, 2006).
Little is known about the in vivo HQ toxicity (McGregor, 2007),
nd more speciﬁcally, on leukocyte recruitment to the inﬂam-
atory site. Therefore, in this study we show that lower levels
f systemic HQ exposure impairs neutrophil migration during a
PS-induced lung inﬂammation in mice and highlights speciﬁc
ntracellular pathways in circulating neutrophils as important tar-
et of HQ action.
. Materials and methods
.1.  Reagents
Lipopolysaccharide (LPS) from Escherichia coli (serotype 026:B6), N-formyl-
ethionyl-leucyl-phenylalanine (fMLP), hydroquinone (99%), n-butanol, 1,1,3,3-
etramethoxypropane (99%), hexadecyltrimethylammonium bromide, ortho-
ianizidine, acetonitrile, butylated hydroxytoluene, potassium iodide, Triton X100,
ropidium iodide and RNAse A were purchased from Sigma–Aldrich (St. Louis,
O,  USA); hexane, ethanol (99%), hydrogen peroxide, acetic acid, trichloroacetic
cid,  sodium chloride, monobasic and dibasic sodium phosphate, ammonium chlo-
ide and acetone were obtained from Synth (Sao Paulo, SP, Brazil); DCFH was
btained  from Molecular Probes (Carlsbad, CA, USA); ketamine (1.16 g/10 ml)  and
ylazine (2.3 g/100 ml)  were acquired from Vetbrands (Jacareí, SP, Brazil); heparin
5000 IU/ml) and sodium citrate were purchased from Eurofarma (Sao Paulo, SP,
razil); Panótico® was  acquired from Laborclin (Pinhais, PR, Brazil); Tissue TekTM
CT was acquired from Miles Scientiﬁc (Miles, IN, USA); all antibodies used in the
urrent study were purchased from BD Pharmingen (Franklin Lakes, NJ, USA); and
uperBlock blocking buffer was  acquired from Pierce (Rockford, IL, USA).
.2. Animals
Eighteen-week-old male Swiss mice were supplied by the Animal House of
he  School of Pharmaceutical Sciences and Chemistry Institute from University
f  Sao Paulo. The animals were fed a standard pellet diet and water ad libitum,
nd  before each experimental procedure, the animals were anesthetized with
etamine/xylazine solution (80 mg/kg; 8 mg/kg; i.p.). All procedures were per-
ormed according to the Brazilian Society of Science of Laboratory Animals (SBCAL),ogy 288 (2011) 1– 7
for  proper care and use of experimental animals and approved by the local ethics
committee (process number 196).
2.3. HQ exposure
Five mice were randomly placed in an exposure box and exposed to aerosolized
HQ  at concentrations of 12.5, 25 or 50 ppm or vehicle (saline solution with 5%
ethanol)  for 1 h, once a day, for 5 days. An ultrasonic nebulizer (NS® , Sao Paulo,
Brazil)  was  used to nebulize the solutions in the box. According to the manufac-
ture’s  information the particle size generated by the nebulizer is within the range
0.5–10 m.  Two  openings at the opposite side of the chamber, relative to the intro-
duction  of solutions, allowed the air to seep out. This process was performed in an
exhaust hood.
It  is important to emphasize that concentrations of HQ employed in the current
study were lower than those established for in vivo exposure in the literature (NIOSH
Guideline, 1988; IPCS-INCHEM, 1994). A dose–response effect had been previously
performed and 5-days exposure was  the shortest period to evoke the toxic effect
(data  not shown).
2.4.  Levels of HQ in the exposure box
HQ  concentrations in the exposure box were determined according to NIOSH,
protocol  No. 5004.
2.5.  LPS-induced lung inﬂammation
The  induction of pulmonary inﬂammation was performed 1 h after the last vehi-
cle or HQ exposure using a similar exposure box approach. LPS (0.1 mg/ml) was
aerosolized for 10 min  at a rate of 1 ml/min.
2.6. Blood leukocytes
Three hours after LPS inhalation, the animals were anesthetized and arterial
blood  was  collected from the abdominal aorta. The total and differential counts
were  performed as previously described (Macedo et al., 2006).
2.7.  Bronchoalveolar lavage ﬂuid (BALF) and cell counts
BALF was  collected from vehicle- or HQ-exposed animals to determine the num-
ber of migrated leukocytes and concentrations of cytokines as previous described
by  De Lima et al. (1992).
2.8.  Myeloperoxidase (MPO) activity
MPO  activity was determined in the lung tissue obtained from vehicle- or HQ-
exposed  animals accordingly to Bradley et al. (1982).
2.9.  Expression of adhesion molecules
2.9.1.  Immunohistochemistry
Lung of vehicle or HQ exposed mice were surgically removed, frozen in
nitrogen–hexane  solution, cryosectioned (8 m thickness) and ﬁxed in cold ace-
tone  (10 min). Brieﬂy, sections were incubated overnight with Superblock solution
to  avoid nonspeciﬁc binding. After that, sections were incubated overnight with
the monoclonal antibodies phycoeritrin (PE)-labelled anti-E-selectin, anti-platelet
endothelial  cell adhesion molecule-1 (PECAM-1), and intracellular cell adhesion
molecule-1  (ICAM-1); ﬂuorescein isothiocyanate (FITC) labelled-anti-vascular cell
adhesion molecule-1 (VCAM-1) and anti-P-selectin, at 4 ◦C. Fluorescent-stained
areas  of vessel walls were selected and the ﬂuorescence intensity was quantiﬁed
using  image analyzer software (Axio Vision® 4.8 version, Carl-Zeiss, Germany). The
same procedures were carried out in sections of lung tissue incubated without
antibody  or using goat anti-mouse immunoglobulin G to evaluate the background
reaction.
2.9.2.  Flow cytometry
Leucocytes collected from blood of the abdominal aorta of vehicle or HQ  exposed
mice  were employed to quantify L-selectin, 2-integrin, 3-integrin and PECAM-1
expression.  Brieﬂy, erythrocytes were lysed by the addition of ammonium chlo-
ride solution (0.13 M)  to the samples and leukocytes were recovered after washing
with  Hank’s balanced salt solution (HBSS). To quantify the expression of adhe-
sion  molecules, leukocytes (1 × 105) were incubated for 20–60 min  in the dark at
4 ◦C with 10 l of monoclonal antibody (L-selectin conjugated with FITC; 2 or 3-
integrin  conjugated with FITC or PECAM-1 conjugated with PE). After that, the cells
were analyzed in a FACS Calibur ﬂow cytometer (Becton & Dickinson, San Jose, CA,
USA). Data from 10,000 events were obtained and only the morphologically viable
leukocytes were considered for analysis. Results are presented as arbitrary units of
ﬂuorescence.
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Fig. 1. Effects of HQ exposure on cellular oxidative biomarkers. The animals were exposed to vehicle or HQ (25 ppm; 1 h/day, 5 days), and 3 h later, blood was  collected from
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the number of circulating leukocytes after LPS challenge. The num-
ber of neutrophils and mononuclear cells (MN) was  not statistically
different in vehicle- and HQ-exposed animals (Table 1). Normal val-
ues of polymorphonuclear leukocytes (PMN) in mouse blood are
Table 1
Effects of HQ exposure on the number of circulating leukocytes after LPS stimu-
lation.  The animals were exposed to vehicle or HQ (12.5, 25 or 50 ppm; 1 h/day,
5 days), and after 1 h, they were exposed to LPS (0.1 mg/ml; 10 min). Three hours
later,  blood was  collected from the abdominal aorta and the total and differential
counts  of leukocytes were determined in a Neubauer chamber and stained smears,
respectively. Results are expressed as the mean ± s.e.m. of data obtained for samples
collected from ten animals in each group.
Leucogram (leukocytes/mm3)
HQ concentration Vehicle  HQhe  abdominal aorta. Plasma was used to quantify MDA  levels (HPLC) and leukocyt
ragmentation (ﬂow cytometry). Results are expressed as the mean ± s.e.m. of data
ontrol.
.10. Malondialdehyde (MDA) levels
In order to study the ability of HQ to induce peroxidation of fatty acids in cell
embranes,  plasma levels of MDA  were determined in mice exposed to vehicle or
5 ppm HQ. For this purpose, 250 l of plasma were added to 36 l of 0.2% butylated
ydroxytoluene  (BHT) in ethanol and 12.5 l of 10 M NaOH followed by incubation
t  60 ◦C for 30 min. Afterward, 1500 l of 7.2% trichloroacetic acid with 1% potas-
ium  iodide were added to the sample and placed on ice for 10 min. The sample was
entrifuged (1000 × g for 10 min), and 1000 l of the supernatant were removed and
ixed with 500 l of 0.6% thiobarbituric acid (TBA). The solution was  incubated at
0 ◦C for 45 min. Next, 250 l of n-butanol were added to the sample, and the mixture
as vortexed and centrifuged (600 × g for 5 min). The n-butanol phase was  collected
nd  injected in the HLPC-DAD system, using the following chromatographic condi-
ions. A 150 mm × 4.6 mm ID, 5 m C18 column (Phenomenex, Torrance, CA) with
 C18 security guard cartridge, 4.0 mm × 3.0 mm (Phenomenex, Torrance, CA), was
luted in isocratic mode with a mobile phase consisting of 35% MeOH and 65% potas-
ium phosphate buffer (50 mM,  pH 7.0), at a ﬂow rate of 1 ml/min and 30 ◦C. The
iode  array detector was  set at 532 nm and calibration curves were constructed in
he range of 0.5–5.0 M of MDA  standard dissolved in PBS.
.11. Reactive oxygen species (ROS) generation
Leukocytes collected from blood from the abdominal aorta of vehicle or HQ
xposed  mice were employed to quantify oxidative burst. Intracellular ROS was
easured using a non ﬂuorescent probe, 2′ ,7′-dichlorﬂuorescein-diacetate (DCFH-
A) that can penetrate into the intracellular matrix of cells where it is oxidized
y  ROS to ﬂuorescent dichloroﬂuorescein (DCF) (Elbim and Lizard, 2009). Erythro-
ytes  were lysed by adding ammonium chloride solution (0.13 M) to the samples,
nd  leukocytes were recovered after washing with PBS. Fluorescent dye DCFH-DA
340  M; diluted in PBS) was  added to 2 ×105 cells in a ﬁnal volume of 1.1 ml.
ells  were maintained at 37 ◦C for 30 min  and rinsed with EDTA (3 mM;  2 ml)  to
emove the excess dye. Cells were resuspended with PBS. The cells were analyzed
n  a FACS Calibur ﬂow cytometer (Becton & Dickinson, San Jose, CA, USA). Data from
0,000 events were obtained and only the morphologically viable leukocytes were
onsidered for analysis. Results are presented as arbitrary units of ﬂuorescence.
.12. Cell cycle and DNA fragmentation
The  effects of in vivo exposure to HQ on cell cycle and DNA fragmentation were
tudied  using ﬂow cytometry as previous described by Liu et al. (2005). Blood was
ollected, using heparin as anti-coagulant, from the abdominal aorta of vehicle-
r HQ-exposed mice, and erythrocytes were lysed by the addition of ammonium
hloride  solution (0.13 M). Leukocytes were recovered after washing with Hank’s
alanced  salt solution (HBSS). Afterward, RNAse A (20 l; 15 mg/ml) and lysis buffer
140 l; 2% fetal bovine serum, 0.05% Triton X 100, 0.1% sodium citrate in PBS) con-
aining propidium iodide (20 g/ml) were added to the leukocytes (1 × 105 cells).
he  samples were maintained at room temperature for 30 min  and immediately
nalyzed  in a FACS Calibur ﬂow cytometer (Becton & Dickinson, San Jose, CA, USA).
ata from 10,000 events were obtained. Results of DNA fragmentation are presented
s mean of arbitrary ﬂuorescence units and cell cycle as percentage of labelled cells
n each phase. As a positive control, leukocytes were previously incubated with 10%
imethyl sulfoxide.
.13.  Statistical analysesThe  means and standard error of the mean (s.e.m.) of all data presented here
ere compared by Student’s t-test or ANOVA. Tukey’s multiple comparisons test
as used to determine the signiﬁcance of differences between the values for the
xperimental conditions. The statistical software GraphPad Prism® was used for
his purpose. P < 0.05 was  considered signiﬁcant.e recovered to determine ROS generation (DCFH; ﬂow cytometry) and global DNA
ined for samples collected from ﬁve animals in each group.*P < 0.05 vs. respective
3. Results
3.1. Concentration of HQ in the exposure chamber
To determine the amount of HQ in the exposure chamber,
extracts of the cellulose ester membrane ﬁlters exposed for 1 h
to 25 ppm HQ were analyzed by HPLC. The data obtained showed
that the amount of HQ in the ﬁlter was 1.59 g ± 0.26 (n = 5), which
gives a concentration of 0.20 mg/m3 ± 0.09 in the box (according to
NIOSH, protocol 5004). This concentration is equivalent to 0.04 ppm
HQ (http://www.cdc.gov/niosh/docs/2004-101/calc.htm) and it is
10× lower than the level allowed for human exposure during a
course of 8 h/day (0.44 ppm, threshold limit value − time weighted
average (TLV − TWA); NIOSH, 1994).
3.2.  Effects of in vivo exposure to HQ on cellular oxidative
processes
The effects of HQ on cellular oxidative damage were investigated
by quantifying MDA  levels in plasma samples by HPLC, and intracel-
lular ROS generation and global DNA fragmentation in circulating
neutrophils by ﬂow cytometry. Mice exposed to HQ showed aug-
mented levels of MDA  and enhanced ROS generation by neutrophils
in comparison to samples obtained from vehicle-exposed animals
(Fig. 1A and B, respectively). On the contrary, no differences were
detected in the two  animal groups with regard to global DNA frag-
mentation (Fig. 1C).
3.3.  Effects of in vivo exposure to HQ on neutrophil trafﬁcking
during LPS-induced lung inﬂammation
In vivo exposure to HQ at 12.5, 25 or 50 ppm did not modifyPMN MN PMN  MN
12.5 ppm 2108 ± 189 1432 ± 170 2534 ± 290 1663 ± 235
25  ppm 1978 ± 420 2737 ± 356 1884 ± 357 3358 ± 542
50  ppm 3214 ± 277 856.3 ± 173 4143 ± 397 1194 ± 255
4 A.L.T. Ribeiro et al. / Toxicol
Fig. 2. Effects of HQ exposure on cell cycle. The animals were exposed to vehicle or
HQ (25 ppm; 1 h/day, 5 days), and 3 h later, blood was collected from the abdominal
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gorta.  Leukocytes were recovered to determine cell cycle changes by ﬂow cytom-
try.  Results are expressed as the mean ± s.e.m. of data obtained from for samples
ollected  from ﬁve animals in each group.
round 15–20%, and they are highly elevated after acute inﬂam-
ation. This pattern of response was detected in both groups of
nimals, indicating that neutrophil mobilization from storage com-
artments was not affected by HQ exposure. It is noteworthy that
he levels of PMN  and MN  in vehicle- and HQ-exposed animals
Table 1) must be compared in groups of animals submitted to the
ame concentration exposure, since assays were performed on dif-
erent days and total leukocyte numbers for the mice ranges about
500–6000/mm3. Corroborating that HQ exposure does not affect
eutrophil delivery from bone marrow or cell maturation steps, cell
ycle was equivalent in circulating cells obtained from vehicle- or
Q-exposed animals (Fig. 2).
On the other hand, exposure to 12.5, 25 or 50 ppm of HQ reduced
he neutrophil numbers recovered in BALF (Fig. 3A), and these
ells seemed to persist inside the lung tissue, since MPO levels of
ung were higher than those obtained for vehicle-exposed animals
Fig. 3B).
Numbers of neutrophils in BALF, obtained in vehicle-exposed
nd non-inﬂamed animals, was almost 50% less in comparison to
he LPS-stimulated control group (Fig. 3A, dotted line), indicating
he efﬁciency of LPS in inducing lung inﬂammation and that cir-
ulating neutrophils from vehicle-exposed animals were able to
igrate to the alveolar compartment.
As the three concentrations of HQ similarly reduced the number
f PMN in the BALF, and 25 ppm exposure promoted more homoge-
ous responses, the following study was conducted with animals
xposed to 25 ppm of HQ.
.4. Effects of in vivo exposure to HQ on cytokines levels in BALF
As  IL-1, TNF- and IL-6 are involved in leukocyte migration
y inducing the expression of adhesion molecules and secretion
f chemoattractant factors (Barreiro et al., 2010), the effects of
Q exposure on these cytokines in BALF were investigated using
LISA. The data obtained demonstrated that HQ did not modify the
aseline or LPS-induced secretion of these cytokines (Fig. 4).
.5. Effects of in vivo exposure to HQ on expression of adhesion
olecules
In  vivo exposure to HQ did not modify the LPS-induced expres-
ion of endothelial E- and P-selectins (Fig. 5A) and ICAM-1, VCAM-1
nd PECAM-1 (Fig. 5B). Baseline expression of these molecules was
ery low in lung tissue and did not differ between the two animal
roups studied (data not shown).ogy 288 (2011) 1– 7
On  the other hand, HQ exposure affected the expression of
adhesion molecules in circulating neutrophils in the absence
of inﬂammatory stimulus. While L-selectin expression was not
altered by HQ intoxication (Fig. 6A), constitutive levels of 2
and 3 integrins and PECAM-1 were signiﬁcantly enhanced in
neutrophil membranes (Fig. 6B, C and D, respectively). In addi-
tion, levels of L-selectin, 2 and 3 integrins and PECAM-1 were
enhanced after in vitro fMLP stimulation in neutrophils obtained
from vehicle-exposed animals. In contrast, these enhancements
were not observed in neutrophils collected from HQ-exposed mice
(Fig. 6B, C and D, respectively).
4.  Discussion
Epidemiological studies have associated the pivotal role of
environmental pollutants with the genesis of a variety of human
diseases, and special attention has been paid to exposure to low
concentrations of pollutants, even lower than those allowed by
international regulatory agencies (NIOSH, OSHA). In this context,
in vivo studies with experimental animals have contributed to
extending our knowledge of mechanism of actions of toxicants.
Based on the data presented here, we showed that low levels of
in vivo exposure to HQ impairs LPS-induced host defense by inter-
fering with blood neutrophil trafﬁcking, notably modifying the
expression of adhesion molecules.
The American Conference of Industrial Hygienists (ACGIH) and
the National Institute of Occupational Safety & Health (NIOSH)
deﬁnes 2 mg/m3 (0.44 ppm) TWA  for HQ (WHO, 1994; NIOSH,
1994) as non hazardous exposure. Although we did not correlate
human and animal exposures, it is conceivable that in this study
mice were subjected to low levels of HQ, as deﬁned by the air
concentrations in the exposure chamber (0.044 ppm). Our subse-
quent studies reinforced such point of view, by observations that
relevant biochemical and biological end-points described in the lit-
erature for in vivo exposure to BZ or HQ, as the number of circulating
leukocytes and their DNA integrity (Bi et al., 2010; McGregor, 2007;
Macedo et al., 2006; Medeiros et al., 1997), were not affected by the
experimental intoxication procedure employed here.
In  vitro exposure to HQ causes oxidative damage in different
cell types, including leukocytes, and DNA lesions are employed as
toxic end points (Ji et al., 2009; Varkonyi et al., 2006; Gaskell et al.,
2004, 2005a,b). The mechanism is based on HQ biotransformation
into semiquinones via redox cycling which induces ROS produc-
tion, including superoxide anion radical (O2•−), hydrogen peroxide
(H2O2), nitric oxide (NO•) and hydroxyl radical (OH•) (Winn, 2003).
Here, we  demonstrated that even low concentrations of in vivo
exposure to aerosolized HQ evoked the activation of oxidative path-
ways, as measured by plasma MDA  levels and ROS production by
circulating cells. Nevertheless, oxidative stress was  not accompa-
nied by DNA fragmentation. It could be interesting to measure
oxidative DNA adduct in circulating neutrophil, although the num-
ber of circulating cells was not enough to extract the DNA  amount
employed in the HPLC–mass spectrometry, which present higher
sensibility to this quantiﬁcation.
HQ  exposure accelerates neutrophil maturation steps in bone
marrow, leading to incomplete granulopoiesis (Hazel et al., 1995,
1996a,b), and in more severe toxicity, HQ damages bone marrow
cells, impairing white and red blood cell production and matu-
ration (Wiemels and Smith, 1999; Hazel et al., 1996a,b). In this
latter condition, drastic reduction in the circulating cell numbers
is detected, which contributes to anemia and immunosuppression
observed in the intoxications (Lee et al., 2010; Kim et al., 2005).
Our data showing that HQ exposure did not affect the blood leuko-
cyte proﬁle after LPS inhalation, suggest that upon infection HQ
exposure did not affect the neutrophil mobilization from the bone
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Fig. 3. Effects of HQ exposure on leukocyte migration into BALF and MPO  activity in lung tissue. The animals were exposed to vehicle or HQ (12.5, 25 or 50 ppm; 1 h/day, 5
days), and after 1 h, they were exposed to LPS (0.1 mg/ml; 10 min). Three hours later, BALF was  collected and the number of neutrophils was determined using a Neubauer
chamber and stained smears (A). Next, lungs were collected and used to quantify MPO  activity by the o-dianisidine-H2O2 assay (B). The dotted line indicates neutrophil
counts of vehicle and non-inﬂamed animals that were exposed to HQ. Results are expressed as the mean ± s.e.m. of data obtained for samples collected from ﬁve animals in
each  group. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. respective control.
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eig. 4. Effects of HQ exposure on IL-1, TNF- and IL-6 levels in BALF. The animals w
ot  to LPS (0.1 mg/ml; 10 min). Three hours later, BALF was  collected and the cytoki
or  samples collected from ﬁve animals in each group. *P < 0.05 vs. respective baseli
arrow. Nevertheless, neutrophil migration into alveolar space
as impaired, as indicated by the reduced number of neutrophils
ecovered in BALF after LPS inhalation in mice upon HQ exposure.
nterestingly, as lung MPO  activity was signiﬁcantly increased, we
ypothesize that HQ exposure hampers cell transmigration from
he lung microvascular vessels into the alveolar compartment. MPO
ctivity is an indirect marker of neutrophil presence at the injured
ite (Gosemann et al., 2010). It is worth mentioning that HQ stim-
lates MPO  expression and activity, and it is then endogenously
etabolized by MPO  to more reactive quinones (McGregor, 2007;
nyder, 2002; Subrahmanyam et al., 1991). Overall, our ﬁndings
evealing elevated lung MPO  activity does not reﬂect a direct action
f HQ on MPO  metabolic system, since HQ exposure did not alter
PO activity in other relevant tissues with respect to HQ toxicity,
uch as bone marrow and hepatic cells (data not shown).
Neutrophil migration into inﬂamed areas depends on a diversity
f chemical mediators secreted by resident and migrated cells at
ig. 5. Effects of HQ exposure on expression of adhesion molecules on lung microvascular
nd  after 1 h, they were exposed to LPS (0.1 mg/ml; 10 min). Three hours later, lung tissu
A), ICAM-1, PECAM-1 and VCAM-1 (B) by immunohistochemistry. Results are expresse
ach  group.posed to vehicle or HQ (25 ppm; 1 h/day, 5 days), and after 1 h, they were exposed or
ere quantiﬁed by ELISA. Results are expressed as the mean ± s.e.m. of data obtained
trol.
the inﬂamed site, and by membrane receptors expressed on leuko-
cytes and endothelial cells (Ley et al., 2007). While cytokines display
pleiotropic actions, adhesion molecules exert speciﬁc actions on
pathways of leukocyte migration. In our model, in vivo exposure to
HQ did not affect the secretory activity of resident inﬂammatory
cells and the adhesive functions of the microvascular endothelium.
Of interest, the synthesis of cytokines and endothelial adhesion
molecules depends on the transcriptional activation of the nuclear
factor B (NF-B) (Lawrence, 2009). Although the inhibitory action
on this pathway is involved in BZ and HQ toxicity (Choi et al., 2008;
Ma et al., 2003; Kerzic et al., 2003), it seems that the schedule of
HQ exposure employed in this study did not affect this intracellular
pathway in the lung endothelium or resident cells.Interestingly, in vivo exposure to HQ drastically enhanced the
expression of  integrins and PECAM-1 on circulating neutrophils,
which respectively mediate the ﬁrm leukocyte adhesion to the
vessel wall and transmigration (Ley et al., 2007). These surprising
 endothelium. The animals were exposed to vehicle or HQ (25 ppm; 1 h/day, 5 days),
e was collected and used to determine the expression of E-selectin and P-selectin
d as the mean ± s.e.m. of data obtained for samples collected from ﬁve animals in
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Fig. 6. Effects of HQ exposure on expression of adhesion molecules on neutrophil membranes. The animals were exposed to vehicle or HQ (25 ppm; 1 h/day, 5 days), and 3 h
later,  blood was  collected from the abdominal aorta. Expressions of L-selectin (A), 2 integrin (B), 3 integrin (C) and PECAM-1 (D) were quantiﬁed on neutrophil membranes
in the absence (baseline) or the presence of fMLP in vitro (10−9 M) by ﬂow cytometry. Results are expressed as the mean ± s.e.m. of data obtained for samples collected from
ﬁ  in bas
i
d
o
e
(
a
o
f
2
n
1
f
e
t
s
i
t
t
c
P
t
(
T
d
r
d
d
W
i
c
wve  animals in each group. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. respective values
n basal group.
ata may  be relevant to HQ toxicity, since quiescent expression
f integrins and PECAM-1 in the absence of inﬂammatory dis-
ase is pivotal to homeostasis and for mounting a host defense
Borregaard, 2010; Ley et al., 2007). Elevated levels of circulating 2
nd 3 integrins and PECAM-1 molecules, which may  be the result
f higher membrane expressions and/or subsequent cleavage, are
ound in artherosclerosis, diabetes, cancer and others (Mousa,
008). Integrin membrane expression on neutrophils depends on
ew transcription, via the activation of NF-B or activating protein-
 (AP-1) transcription factors (Borregaard, 2010), and translocation
rom intracellular storage pools; and PECAM-1 membrane lev-
ls are determined by membrane cleavage, re-internalization and
ranscription (Privratsky et al., 2010; Garnacho et al., 2008). Con-
idering that mice have low number of neutrophils in their blood,
t is not possible to extract mRNA and nuclear proteins to elucidate
he mechanism of action of in vivo exposure to HQ with regard to
he expression of adhesion molecules.
Adhesion molecules mediate adhesive interactions between
ells and activation of intracellular signaling. In this context,
ECAM-1 and integrin activation are involved in NO produc-
ion via eNOS stimulation and superoxide generation, respectively
Privratsky et al., 2010; Zarbock and Ley, 2009; Fleming et al., 2005).
herefore, elevated expression of integrins and PECAM-1 may  be
etermined by a direct action of HQ on cell membranes or indi-
ectly by increasing ROS production. In fact, it has been clearly
emonstrated that ROS induces adhesion molecule expression on
iverse types of cells (Sadok et al., 2009; Dworakowski et al., 2008;
u, 2006; Mori et al., 2004). Speciﬁcally, H2O2 is able to induce 
ntegrin expression on epithelial cells, contributing to the modiﬁ-
ations of its phenotype (Mori et al., 2004). In the current study,
e showed that HQ exposure induced the expression of adhesional group; #P < 0.05 vs. respective control stimulated with fMLP; aP < 0.01 vs.vehicle
molecules  and ROS generation in neutrophils, which, in combina-
tion, may  render a state of inactivation in response to a second
stimulus. In fact, here it was shown that in vitro fMLP stimula-
tion did not induce increased expression of adhesion molecules on
cells obtained from HQ-exposed animals. Therefore, it is possible
to infer that this mechanism of action of HQ may  be relevant to the
mounting of an acute inﬂammatory reaction, as detected here in
the lung after LPS inhalation. It is difﬁcult to ascertain if HQ is act-
ing directly on adhesion molecule expression or via ROS production
or whether both mechanisms occur simultaneously. This question
needs further investigation.
Notwithstanding, it is not possible to establish a direct correla-
tion between human and rodent exposure to HQ, it is plausible to
infer that low levels of HQ exposure modify host defense capabil-
ity, reinforcing the perception that a more profound analysis of the
environmental risks of HQ exposure is required.
Conﬂict of interest statement
The  authors declare that there are no conﬂicts of interest.
Acknowledgments
The  authors thank FAPESP for ﬁnancial support (Grant No.
08/55382-7). Sandra H.P. Farsky and Wothan Tavares de Lima are
fellows of the Conselho Nacional de Pesquisa e Tecnologia (CNPq),
and Cristina B. Hebeda is a Coordenac¸ ão de Aperfeic¸ oamento de
Nível Superior (CAPES) postdoctoral fellow. The authors also thank
Dr. Simone Marques Bolonheis for technical assistance.
oxicol
R
A
A
B
B
B
B
B
C
D
D
D
E
E
E
F
F
G
G
G
G
G
H
H
H
I
J
KA.L.T. Ribeiro et al. / T
eferences
tkinson, T.J., 2009. A review of the role of benzene metabolites and mechanisms
in  malignant transformation: summative evidence for a lack of research in non-
myelogenous cancer types. Int. J. Hyg. Environ. Health 212, 1–10.
zad,  N., Rojanasakul, Y., Vallyathan, V., 2008. Inﬂammation and lung cancer: roles
of reactive oxygen/nitrogen species. J. Toxicol. Environ. Health B. Crit. Rev. 11,
1–15.
adham,  H.J., Winn, L.M., 2010. In utero and in vitro effects of benzene and its
metabolites  on erythroid differentiation and the role of reactive oxygen species.
Toxicol.  Appl. Pharmacol. 244, 273–279.
arreiro, O., Martin, P., Gonzalez-Amaro, R., Sanchez-Madrid, F., 2010. Molecular
cues  guiding inﬂammatory responses. Cardiovasc. Res. 86, 174–182.
i, Y., Li, Y., Kong, M.,  Xiao, X., Zhao, Z., He, X., Ma,  Q., 2010. Gene expression in
benzene-exposed  workers by microarray analysis of peripheral mononuclear
blood  cells: induction and silencing of CYP4F3A and regulation of DNA-
dependent  protein kinase catalytic subunit in DNA double strand break repair.
Chem.  Biol. Interact. 184, 207–211.
orregaard, N., 2010. Neutrophils, from marrow to microbes. Immunity 33, 657–670.
radley, P.P., Priebat, D.A., Christensen, R.D., Rothstein, G., 1982. Measurement of
cutaneous inﬂammation: estimation of neutrophil content with an enzyme
marker.  J. Invest. Dermatol. 78, 206–209.
hoi, J.M., Cho, Y.C., Cho, W.J., Kim, T.S., Kang, B.Y., 2008. Hydroquinone, a major com-
ponent in cigarette smoke, reduces IFN-gamma production in antigen-primed
lymphocytes. Arch. Pharm. Res. 31, 337–341.
’Amato, G., Cecchi, L., D’Amato, M.,  Liccardi, G., 2010. Urban air pollution and cli-
mate change as environmental risk factors of respiratory allergy: an update. J.
Investig. Allergol. Clin. Immunol. 20 (2), 95–102.
e Lima, W.T., Sirios, P., Jancar, S., 1992. Immune-complex alveolitis in the rat: evi-
dence for platelet activating factor and leukotrienes as mediators of the vascular
lesions.  Eur. J. Pharmacol. 213, 63–70.
worakowski, R., Alom-Ruiz, S.P., Shah, A.M., 2008. NADPH oxidase-derived reactive
oxygen species in the regulation of endothelial phenotype. Pharmacol. Rep. 60,
21–28.
lbim, C., Lizard, G., 2009. Flow cytometric investigation of neutrophil oxidative
burst  and apoptosis in physiological and pathological situations. Cytometry A
75, 475–481.
mmendoerffer, A., Hecht, M.,  Boeker, T., Mueller, M.,  Heinrich, U., 2000. Role of
inﬂammation in chemical-induced lung cancer. Toxicol. Lett. 112–113, 185–191.
tzioni,  A., 2010. Defects in the leukocyte adhesion cascade. Clin. Rev. Allergy
Immunol.  38, 54–60.
erreira,  A., Macedo, S.M.D., Oliveira, A.P.L., Lima, W.T., Farsky, S.H.P., Coelho, F.R.,
2007. Exposic¸ ão a hidroquinona e ao fenol sobre a resposta inﬂamatória pul-
monar  induzida por bactérias. Rev. Bras. Ciên. Farma. 43, 455–464.
leming,  I., Fisslthaler, B., Dixit, M.,  Busse, R., 2005. Role of PECAM-1 in the shear-
stress-induced  activation of Akt and the endothelial nitric oxide synthase (eNOS)
in  endothelial cells. J. Cell Sci. 118, 4103–4111.
arnacho, C., Albelda, S.M., Muzykantov, V.R., Muro, S., 2008. Differential intra-
endothelial  delivery of polymer nanocarriers targeted to distinct PECAM-1
epitopes.  J. Control. Release 130, 226–233.
askell, M.,  McLuckie, K.I., Farmer, P.B., 2004. Comparison of the mutagenic
activity  of the benzene metabolites, hydroquinone and para-benzoquinone
in  the supF forward mutation assay: a role for minor DNA adducts
formed  from hydroquinone in benzene mutagenicity. Mutat. Res. 554,
387–398.
askell,  M., McLuckie, K.I., Farmer, P.B., 2005a. Genotoxicity of the benzene metabo-
lites para-benzoquinone and hydroquinone. Chem. Biol. Interact. 153–154,
267–270.
askell,  M.,  McLuckie, K.I., Farmer, P.B., 2005b. Comparison of the repair of DNA dam-
age induced by the benzene metabolites hydroquinone and p-benzoquinone:
a  role for hydroquinone in benzene genotoxicity. Carcinogenesis 26,
673–680.
osemann,  J.H., van Griensven, M.,  Barkhausen, T., Kobbe, P., Thobe, B.M., Haasper,
C., Pape, H.C., Krettek, C., Hildebrand, F., Frink, M.,  2010. TLR4 inﬂuences the
humoral  and cellular immune response during polymicrobial sepsis. Injury 41,
160–167.
azel, B.A., O’Connor, A., Niculescu, R., Kalf, G.V., 1995. Benzene and its metabolite,
hydroquinone,  induce granulocytic differentiation in myeloblasts by interacting
with  cellular signaling pathways activated by granulocyte colony-stimulating
factor.  Stem Cells 13, 295–310.
azel,  B.A., O’Connor, A., Niculescu, R., Kalf, G.F., 1996a. Induction of granulocytic
differentiation  in a mouse model by benzene and hydroquinone. Environ. Health
Perspect.  104 (Suppl. 6), 1257–1264.
azel, B.A., Baum, C., Kalf, G.F., 1996b. Hydroquinone, a bioreactive metabolite of
benzene, inhibits apoptosis in myeloblasts. Stem Cells 14, 730–742.
PCS-INCHEM,  1994. http://www.inchem.org/documents/ehc/ehc/ech157.htm.
i,  Z., Zhang, L., Guo, W.,  McHale, C.M., Smith, M.T., 2009. The benzene metabolite,hydroquinone  and etoposide both induce endoreduplication in human lym-
phoblastoid TK6 cells. Mutagenesis 24, 367–372.
erzic, P.J., Pyatt, D.W., Zheng, J.H., Gross, S.A., Le, A., Irons, R.D., 2003. Inhibition of
NF-kappaB by hydroquinone sensitizes human bone marrow progenitor cells to
TNF-alpha-induced apoptosis. Toxicology 187, 127–137.ogy 288 (2011) 1– 7 7
Kim, E., Kang, B.Y., Kim, T.S., 2005. Inhibition of interleukin-12 production in mouse
macrophages by hydroquinone, a reactive metabolite of benzene, via suppres-
sion  of nuclear factor-kappa B binding activity. Immunol. Lett. 99, 24–29.
Khan, F., Galarraga, B., Belch, J.J., 2010. The role of endothelial function and its assess-
ment in rheumatoid arthritis. Nat. Rev. Rheumatol. 6, 253–261.
Lawrence,  T., 2009. The nuclear factor NF-kappaB pathway in inﬂammation. Cold
Spring Harb. Perspect. Biol. 1, 001651.
Leanderson, P., 1993. Cigarette smoke-induced DNA damage in cultured human lung
cells. Ann. N. Y. Acad. Sci. 686, 249–259, discussion 259–261.
Lee,  J.Y., Lee, Y.G., Lee, J., Yang, K.J., Kim, A.R., Kim, J.Y., Won, M.H., Park, J., Yoo, B.C.,
Kim, S., Cho, W.J., Cho, J.Y., 2010. Akt Cys-310-targeted inhibition by hydroxy-
lated  benzene derivatives is tightly linked to their immunosuppressive effects.
J.  Biol. Chem. 285, 9932–9948.
Ley,  K., Laudanna, C., Cybulsky, M.I., Nourshargh, S., 2007. Getting to the site of
inﬂammation: the leukocyte adhesion cascade updated. Nat. Rev. Immunol. 7,
678–689.
Lino dos Santos Franco, A., Domingos, H.V., Damazo, A.S., Breithaupt-Faloppa, A.C.,
de Oliveira, A.P., Costa, S.K., Oliani, S.M., Oliveira-Filho, R.M., Vargaftig, B.B.,
Tavares-de-Lima,  W.,  2009. Reduced allergic lung inﬂammation in rats follow-
ing  formaldehyde exposure: long-term effects on multiple effector systems.
Toxicology  256, 157–163.
Lino  dos Santos Franco, A., Domingos, H.V., de Oliveira, A.P., Breithaupt-Faloppa,
A.C.,  Peron, J.P., Bolonheis, S., Muscara, M.N., Oliveira-Filho, R.M., Vargaftig, B.B.,
Tavares-de-Lima, W.,  2010. Differential effects of formaldehyde exposure on the
cell inﬂux and vascular permeability in a rat model of allergic lung inﬂammation.
Toxicol.  Lett. 197, 211–218.
Liu,  M.J., Yue, P.Y., Wang, Z., Wong, R.N., 2005. Methyl protodioscin induces G2/M
arrest and apoptosis in K562 cells with the hyperpolarization of mitochondria.
Cancer  Lett. 224, 229–241.
Ma,  Q., Kinneer, K., Ye, J., Chen, B.J., 2003. Inhibition of nuclear factor kappaB by phe-
nolic antioxidants: interplay between antioxidant signaling and inﬂammatory
cytokine  expression. Mol. Pharmacol. 64, 211–219.
Macedo, S.M., Lourenco, E.L., Borelli, P., Fock, R.A., Ferreira Jr., J.M., Farsky, S.H.,
2006.  Effect of in vivo phenol or hydroquinone exposure on events related
to  neutrophil delivery during an inﬂammatory response. Toxicology 220,
126–135.
Macedo,  S.M., Vaz, S.C., Lourenco, E.L., de Sousa Mda, G., Ligeiro-Oliveira, A.P.,
Ferreira  Jr., J.M., Almeida, S.R., de Lima, W.T., Farsky, S.H., 2007. In vivo hydro-
quinone  exposure impairs allergic lung inﬂammation in rats. Toxicology 241,
47–57.
McGregor,  D., 2007. Hydroquinone: an evaluation of the human risks from its car-
cinogenic and mutagenic properties. Crit. Rev. Toxicol. 37, 887–914.
Medeiros,  A.M., Bird, M.G., Witz, G., 1997. Potential biomarkers of benzene exposure.
J. Toxicol. Environ. Health 51, 519–539.
Melikian, A.A., Chen, K.M., Li, H., Sodum, R., Fiala, E., El-Bayoumy, K., 2008. The role
of nitric oxide on DNA damage induced by benzene metabolites. Oncol. Rep. 19,
1331–1337.
Mori, K., Shibanuma, M.,  Nose, K., 2004. Invasive potential induced under long-term
oxidative  stress in mammary epithelial cells. Cancer Res. 64, 7464–7472.
Mousa, S.A., 2008. Cell adhesion molecules: potential therapeutic & diagnostic impli-
cations. Mol. Biotechnol. 38, 33–40.
NIOSH, 1994. Manual of Analytical Methods (NMAM). www.cdc.gov/niosh/docs/
2003-154/pdfs/5004.pdf.
NIOSH Guideline, 1988. http://www.cdc.gov/niosh/docs/81-123/pdfs/0338.pdf.
Perez-Padilla, R., Schilmann, A., Riojas-Rodriguez, H., 2010. Respiratory health
effects  of indoor air pollution. Int. J. Tuberc. Lung Dis. 14, 1079–1086.
Privratsky,  J.R., Newman, D.K., Newman, P.J., 2010. PECAM-1: conﬂicts of interest in
inﬂammation. Life Sci. 87, 69–82.
Sadok, A., Pierres, A., Dahan, L., Prevot, C., Lehmann, M.,  Kovacic, H., 2009. NADPH
oxidase  1 controls the persistence of directed cell migration by a Rho-dependent
switch  of alpha2/alpha3 integrins. Mol. Cell. Biol. 29, 3915–3928.
Snyder,  R., 2002. Benzene and leukemia. Crit. Rev. Toxicol. 32, 155–210.
Subrahmanyam,  V.V., Kolachana, P., Smith, M.T., 1991. Metabolism of hydroquinone
by  human myeloperoxidase: mechanisms of stimulation by other phenolic com-
pounds. Arch. Biochem. Biophys. 286, 76–84.
Varkonyi, A., Kelsey, K., Semey, K., Bodell, W.J., Levay, G., Mark, E., Wain, J.C.,
Christiani,  D.C., Wiencke, J.K., 2006. Polyphenol associated-DNA adducts in
lung and blood mononuclear cells from lung cancer patients. Cancer Lett. 236,
24–31.
WHO,  1994. International Programme on Chemical Safety. www.who.int/ipcs/
publications/ehc/ehc alphabetical/en/.
Wiemels, J., Smith, M.T., 1999. Enhancement of myeloid cell growth by benzene
metabolites via the production of active oxygen species. Free Radic. Res. 30,
93–103.
Winn,  L.M., 2003. Homologous recombination initiated by benzene metabolites: a
potential role of oxidative stress. Toxicol. Sci. 72, 143–149.
Wong,  C.H., Heit, B., Kubes, P., 2010. Molecular regulators of leukocyte chemotaxis
during  inﬂammation. Cardiovasc. Res. 86, 183–191.
Wu,  W.S., 2006. The signaling mechanism of ROS in tumor progression. Cancer
Metastasis Rev. 25, 695–705.
Zarbock,  A., Ley, K., 2009. Neutrophil adhesion and activation under ﬂow. Microcir-
culation  16, 31–42.
